Purpose-The mechanisms accounting for anticancer activity of AZD9291 (osimertinib or TAGRISSO™), an approved third generation EGFR inhibitor, in EGFR-mutant non-small cell lung cancer (NSCLC) cells and particularly for the subsequent development of acquired resistance are unclear and thus are the focus of this study.
Introduction
An important milestone in the treatment of non-small cell lung cancer (NSCLC) is the discovery of epidermal growth factor receptor (EGFR) activating mutations as an effective therapeutic target and the successful development of first generation EGFR tyrosine kinase inhibitors (EGFR-TKIs; e.g., gefitinib and erlotinib). EGFR activating mutations, 90% of which present as an exon 19 deletion (Del19; ~60%) or exon 21 point mutation (L858R; ~30%), occur in Western and Asian NSCLC patient populations at a rate of ~15% and ~40%, respectively (1) . These mutations increase the binding affinity of EGFR-TKIs for the mutant receptor, thus conferring enhanced sensitivity to EGFR-TKI treatment. First generation EGFR-TKIs act as competitive reversible inhibitors of ATP and have provided significant clinical benefit for patients. However, the development of acquired resistance to these agents limits their long-term efficacy (1) (2) (3) .
The most clearly defined mechanisms underlying acquired resistance to 1 st generation EGFR-TKIs are the acquisition of a secondary T790M mutation, which accounts for approximately 60% of resistant cases, and MET (or c-MET) gene amplification, which is detectable in approximately 5-22% of resistant tumors (1) (2) (3) . The threonine to methionine change in codon 790 (T790M) occurs in the tyrosine kinase domain and increases ATP affinity, thus preventing the binding of 1 st generation reversible EGFR-TKIs to the EGFR tyrosine kinase domain. MET amplification activates EGFR-independent phosphorylation of ErbB3 and downstream activation of the PI3K/AKT pathway, hence providing a bypass mechanism even in the presence of a 1 st generation EGFR inhibitor (4) . In general, there is an inverse correlation between T790M and MET amplification, suggesting a complementary or independent role of the two mechanisms in the resistant cells (5) . AZD9291 (osimertinib or TAGRISSO™), CO1686 (rociletinib), HM61713 (Olmutinib), EGF816 (Nazartinib), ASP8273, PF06747775 and AC0010 (Avitinib) represent 3 rd generation EGFR-TKIs, which selectively and irreversibly inhibit EGFR with the common activating mutations, Del19 and L858R, as well as the resistant T790M mutation while sparing wild-type EGFR (6, 7) . AZD9291 is very active in NSCLC patients with the EGFR T790M mutation following disease progression on 1 st and 2 nd generation EGFR-TKIs (8, 9) and is now a FDA-approved drug for the treatment of NSCLC patients with T790M mutation. In addition to targeting NSCLC with T790M EGFR, clinical trials that test the efficacy of 3 rd generation EGFR-TKIs (e.g., AZD9291) against treatment-naïve, locally advanced or metastatic EGFR-mutant NSCLC are ongoing (e.g., FLAURA trial; NCT02296125).
Unfortunately, the development of acquired resistance to the 3 rd generation EGFR-TKIs has already been described in the clinic. A novel acquired EGFR C797S mutation demonstrated in cultured cell lines and from clinical tumors resistant to AZD9291 was reported recently (10) (11) (12) . However, this mutation was detected only in a subset of AZD9291-treated NSCLCs with T790M mutation (33-36%) (10, 13) , and was very rare in cases resistant to CO1686 (< 3%) (13) . In addition, MET amplification was demonstrated recently by us (14) and others (13, 15, 16) as another mechanism of resistance to both AZD9291 and CO1686. Hence, it appears that there are heterogeneous mechanisms mediating resistance to 3 rd generation EGFR-TKIs.
Although the success of 3 rd generation EGFR-TKIs in the treatment of EGFR T790M NSCLC has been clearly established, other than binding to mutant EGFR and inhibition of EGFR signaling, the precise mechanisms by which these novel EGFR-TKIs exert anticancer efficacy remain largely unknown. We therefore focused our effort on fully understanding the anticancer biology of 3 rd generation EGFR-TKIs in order to generate robust scientific rationale that can inform the rational development of effective strategies to prevent and/or overcome acquired resistance to these agents. In this study, we have demonstrated that modulation of ERK-dependent Bim and Mcl-1 degradation are critical events that mediate efficacy of AZD9291 as a targeted therapy of NSCLC harboring EGFR activating mutations. Accordingly we propose an effective strategy to overcome AZD9291 resistance through modulating these events.
Materials and Methods
Reagents AZD9291 and PF02341066 (crizotinib) were purchased from Active Biochemicals (Maplewood, NJ). AZD6244 (selumetinib) and PD0325901 were purchased from Selleckchem (Houston, TX, USA). GSK1120212 (trametinib) was purchased from LC Laboratories (Woburn, MA). All agents were dissolved in DMSO at a concentration of 10 mM and aliquots were stored at −80°C. Stock solutions were diluted to the appropriate concentrations with growth medium immediately before use. Mcl-1, p-Mcl-1 (S159/T163), p-Bim (S69), caspase-8, PARP, p-ERK1/2 (T202/Y204), and ERK1/2 antibodies were purchased from Cell Signaling Technology, Inc. (Beverly, MA). Caspase-3 antibody was purchased from Imgenex (San Diego, CA). Bcl-2 antibody was purchased from Santa Cruz Biotechnology, Inc (Santa Cruz, CA). Bax and GAPDH antibodies were purchased from Trevigen (Gaithersburg, MD). Bim antibody was purchased from EMD Millipore (Billerica, MA). Actinomycin D (Act D), cycloheximide (CHX), mouse monoclonal anti-actin and anti-tubulin antibodies were purchased from Sigma Chemical Co. (St. Louis, MO).
Cell lines and cell culture
The EGFR-mutant NSCLC cell lines, HCC827, PC-9 and gefitinib-resistant PC-9/GR (T790M), were provided by Dr. P. A. Jänne (Dana Faber Cancer Institute, Boston, MA) in 2009. The EGFR-wild type NSCLC cell lines, H226 and H596, were originally obtained from Dr. R. Lotan (M. D. Anderson Cancer Center, Houston, TX) in 2003. Erlotinibresistant HCC827/ER and AZD9291-resistant HCC827/AR cell lines were established in our laboratory and described previously (14, 17) . The AZD9291-resistant cell lines, PC-9/AR and PC-9/GR/AR, were newly established in our laboratory by exposing PC-9 or PC-9/GR cells to gradually increasing concentrations of AZD9291 (starting at 10 nM and ending with 500 nM) for approximately 6 months ( Fig. S1 ). These cell lines were routinely cultured in the presence of 500 nM AZD9291 and maintained resistance to AZD9291 even after withdrawal of AZD9291 from the culture medium for over 6 months, indicating an irreversible phenotype. MET gene amplification and protein hyperactivation were detected in HCC827/ER and HCC827/AR cells (14) . Using ICE COLD-PCR developed by Transgenomic, Inc (Omaha, NE), EGFR exon 20 T790M mutation was detected in PC-9/GR/AR cells. However, C797S mutation in EGFR exon 20 and other mutations around codon C797S region and in EGFR exon 21 were not detected in HCC827/AR, PC-9/AR and PC-9/GR/AR cells ( Fig. S1 ). Moreover, no K-RAS exon 2 mutations were detected in these cell lines. HCC827/Mcl-1 and PC-9/Mcl-1 stable cell lines (pooled populations) were generated by infecting cells with lentiviruses carrying ectopic Mcl-1 or vector for 48 h followed with selection with zeocin (500 ng/ml) for another 7 days as described previously (18) . PC-9 cell line with EGFR 19del+T790M+C797S triple mutation used in a previous study (12)(we named it PC-9/3M) was kindly provided by Dr. A. N. Hata (Harvard Medical School, Boston, MA) on January of 2017. This cell line was resistant to AZD9291 as well as CO1686 and erlotinib ( Fig. S2 ), thus confirming its resistance to these EGFR inhibitors. These cell lines were not genetically authenticated. Mycoplasma was detected annually or upon receiving using MycoAlert@ Mycoplasma Detection Kit (Lonza; Rockland, ME) to ensure mycoplasma negative. All cell lines were cultured in RPMI 1640 containing 5% fetal bovine serum at 37 °C in a humidified atmosphere of 5% CO 2 and 95% air.
Gene knockdown using small interfering RNA (siRNA) or short hairpin RNA (shRNA) Bim siRNAs I (#6461) and II (#6518) were purchased from Cell Signaling Technology, Inc. Non-silencing control siRNA duplexes were described previously (21) . Transfection of these siRNA duplexes was conducted in 6-well plates using the HiPerFect transfection reagent (Qiagen) following the manufacturer's instructions. Lentiviral Bim shRNAs in pLKO.1 (TRCN0000001051 and TRCN0000001054) were purchased from Open Biosystems (Huntsville, AL) and used according to the manufacturer's instructions to generate stable Bim knockdown cell lines (pooled populations).
Animal xenograft and treatments
Animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of Emory University and conducted as described previously (14) . The treatments include vehicle control, AZD9291 (5 mg/kg/day, og), GSK1120212 (3 mg/kg/day; og), and their combination. Tumor volumes were measured using caliper measurements and calculated with the formula V = π(length × width 2 )/6. At the end of the treatments, mice were weighed and euthanized with CO 2 asphyxia. The tumors were then removed, weighed and frozen in liquid nitrogen. Tumor tissue aliquots were homogenized in protein lysis buffer for preparation of whole-cell protein lysates for Western blotting to detect the given proteins.
Statistical analysis
The statistical significance of differences between two experimental groups was analyzed with two-sided unpaired Student's t tests (for equal variances) or with Welch's corrected t test (unequal variances) by use of Graphpad InStat 3 software. Results were considered to be statistically significant at P < 0.05.
Results

AZD9291 effectively induces apoptosis in EGFR-mutant NSCLC cells
To determine whether and how effectively AZD9291 induces apoptosis in human NSCLC cell lines, we treated a panel of NSCLC cell lines with (HCC827, PC-9, PC-9/GR and PC-9/AR) and without (H226 and H596) activating EGFR mutations for 24 h and then conducted annexin V staining followed by flow cytometry to detect annexin V-positive (apoptotic) cells and Western blot analysis to detect cleavage of caspases and PARP. We observed that HCC827, PC-9 and PC-9/GR cells were highly sensitive to AZD9291, whereas PC-9/AR, H226 and H596 were resistant or insensitive to AZD9291 based on a 3day cell survival assay ( Fig. 1A ). AZD9291 at a concentration range of 10 to 1000 nM effectively increased the percentage of annexin V-positive cells ( Fig. 1B ) and levels of cleaved forms of caspase-8, caspase-3 and PARP (Fig. 1C ) in the sensitive HCC827, PC-9 and PC-9/GR cells. However, even at concentrations as high as 1000 nM, AZD9291 did not increase annexin V-positive cells nor induce cleavage of caspase-8, caspase-3 and PARP in the AZD9291 resistant (PC-9/AR) and insensitive (H226 and H596) cells. These results clearly indicate that AZD9291 induces apoptosis in the sensitive EGFR-mutant NSCLC cell lines. Shi 
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AZD9291 modulates Bim and Mcl-1 levels and suppresses ERK-dependent phosphorylation of Bim and Mcl-1 in the sensitive EGFR-mutant NSCLC cell lines
To understand the mechanism by which AZD9291 induces apoptosis in the sensitive EGFRmutant NSCLC cell lines, we determined whether AZD9291 alters the levels of several proteins that critically regulate the apoptotic process including Bim, Mcl-1, Bax and Bcl-2. AZD9291 at a range of 10-1000 nM did not affect the levels of Bax and Bcl-2 in the 3 sensitive cell lines, HCC827, PC-9 and PC-9/GR, but decreased Mcl-1 levels, shifted the Bim EL band and enhanced its intensity, and reduced the levels of p-ERK1/2, p-Bim (S69) and p-Mcl-1 (S159/T163) in these cell lines. The intensities of Bim L and Bim S were not substantially increased by AZD9291 ( Fig. 1D ). Hence any reference hereafter to Bim pertains only to Bim EL . The suppression of ERK, Bim and Mcl-1 phosphorylation, reduction of Mcl-1 and elevation of Bim occurred within 2 h after AZD9291 treatment and were maintained for up to 14 h (the longest time we tested) ( Fig. S3A ). However, these modulations did not or minimally occur in the resistant (PC-9/AR and PC-9/3M) or insensitive (H226 and H596) cell lines even exposed to 1 µM AZD9291 ( Figs. 1E and 1F ). Under the same conditions, AZD9291 at 10 nM shifted the Bim band and increased its intensity with reduced Mcl-1 levels in HCC827 cells, but did not reduce Mcl-1 levels in both HCC827/ER and HCC827/AR cell lines even at 1 µM ( Fig. S3B ), both of which are resistant to AZD9291 (14) . AZD9291 at 1 µM it could shift Bim band and increase its intensity in HCC827/AR cells, but failed to do so in HCC827/ER cells ( Fig. S3B ). Collectively, these results clearly demonstrate that AZD9291 modulates the levels of Bim and Mcl-1 with suppression of ERK and its dependent phosphorylation of Bim and Mcl-1 primarily in the sensitive EGFR-mutant NSCLC cell lines.
AZD9291 modulates Bim and Mcl-1 levels through regulation of their degradation in the sensitive EGFR-mutant NSCLC cells
Both Bim and Mcl-1 are phosphorylated by ERK, resulting in either enhanced (Bim) or suppressed (Mcl-1) proteasome-dependent degradation (23-28). Hence we determined whether AZD9291 affects Bim and Mcl-1 degradation in order to clarify the mechanism by which AZD9291 modulates Bim and Mcl-1 levels in the sensitive EGFR-mutant NSCLC cells. In both HCC827 and PC-9 cells, AZD9291 substantially slowed the degradation of Bim in comparison with the DMSO control ( Fig. 2A ), suggesting that Bim is stabilized in AZD9291-treated cells. In support of this finding, we found that inhibition of gene transcription with Act D did not alter the effect of AZD9291 on enhancing Bim band migration and intensity in these cell lines, suggesting a post transcriptional mechanism. In contrast, Mcl-1 was degraded more rapidly in AZD9291-treated HCC827 or PC-9 cells than in DMSO-treated cells (Fig. 2C) . Consistently, the presence of the proteasome inhibitor MG132 elevated basal levels of Mcl-1 and also rescued Mcl-1 reduction induced by AZD9291 in these cell lines (Fig. 2D ). These results strongly suggest that AZD9291 decreases Mcl-l levels primarily by facilitating its proteasomal degradation.
Modulation of Bim and Mcl-1 levels is a critical mechanism accounting for AZD9291induced apoptosis in the sensitive EGFR-mutant NSCLC cells
To determine whether Bim elevation plays an essential role in mediating AZD9291-induced apoptosis, we used Bim siRNAs to knock down Bim expression and then examined its impact on the ability of AZD9291 to induce apoptosis in HCC827 cells. As detected by Western blotting, both Bim siRNA #1 and #2 effectively blocked Bim elevation induced by AZD9291 (Fig. 3A ). Subsequently, we found reduced levels of cleaved PARP in Bim siRNA-transfected cells than in control siRNA-transfected cells (Fig. 3A) . Consistent with this observation, we also detected significantly fewer apoptotic cells in HCC827 cells transfected with either of the two Bim siRNAs than in control siRNA-transfected cells (Fig.  3B ). These results indicate that blockade of Bim elevation inhibits apoptosis induced by AZD9291. Similar results were also obtained in PC-9 cells in which Bim expression was stably knocked down using Bim shRNAs (Figs. 3C and 3D).
We also determined whether Mcl-1 reduction is involved in AZD9291-induced apoptosis in the sensitive EGFR-mutant NSCLC cell lines. To this end, we enforced expression of ectopic Mcl-1 in both HCC827 and PC-9 cell lines and then tested its impact on AZD9291induced apoptosis. We observed that AZD9291 effectively induced cleavage of capase-8, caspase-3 and PARP ( We noted that AZD9291 did not decrease Mcl-1 levels in PC-9/V cells ( Fig. 3E ) under the tested conditions (e.g., 24 h treatment). We thus compared the effect on Mcl-1 levels of prolonged AZD9291 treatment with that of short-time treatment in this cell line. The results show that AZD9291 did decrease Mcl-1 levels at 12 h and 16 h post treatment, but lost this activity at the 24 h post treatment time point ( Fig. S4 ).
MEK inhibitors restore Bim elevation and Mcl-1 reduction in AZD9291-resistant EGFRmutant NSCLC cell lines
The data presented so far suggest critical roles for Bim and Mcl-1 modulation in regulating AZD9291-induced apoptosis in the sensitive EGFR-mutant NSCLC cell lines. The inability of AZD9291 to modulate these protein levels in PC-9/AR cells with acquired resistance to AZD9291 led us to speculate whether a strategy that elevates Bim levels with simultaneous suppression of Mcl-1 may lower the threshold for AZD9291-resistant cells to re-respond to AZD9291, resulting in apoptotic cell death. Given that ERK regulates the phosphorylation and degradation of both Bim and Mcl-1 (23-28), we contemplated whether MEK inhibition could suppress ERK signaling leading to the elevation of Bim and reduction of Mcl-1 in AZD9291-resistant EGFR-mutant NSCLC cell lines. In the four AZD9291-resistant cell lines, HCC827/AR, PC-9/AR, PC-9/GR/AR and PC-9/3M, AZD9291 was unable to suppress ERK, Bim and Mcl-1 phosphorylation, increase Bim levels or decrease Mcl-1 levels (Fig. 4) , further supporting the importance of suppressing ERK signaling and modulating Bim and Mcl-1 levels in determining cell sensitivity to AZD9291. Each one of three different MEK inhibitors, PD0325901, AZD6244 and GSK1120212, alone or in combination with AZD9291 effectively suppressed ERK, Bim and Mcl-1 phosphorylation accompanied with elevation of Bim and reduction of Mcl-1 in these resistant cell lines. The AZD9291 and AZD6244 combination was even more effective than either single agent in decreasing the levels of p-ERK, p-Bim, p-Mcl-1 and Mcl-1 and in elevating Bim in PC-9/GR/AR cells (Fig. 4B) . Moreover, the combination of AZD9291 with GSK1120212 more potently decreased Mcl-1 levels in these resistant cell lines than did each agent alone (Fig. 4A) . Interestingly, AZD9291 and GSK1120212 combination enhanced Bim elevation, but did not decrease the levels of both Mcl-1 and p-Mcl-1 in PC-9/3M cells (Fig. 4D) , exhibiting a different action pattern. In general, these results confirm that MEK inhibition can effectively suppress ERK phosphorylation and its dependent phosphorylation of Bim and Mcl-1, resulting in Mcl-1 reduction and Bim elevation in these AZD9291-resistant EGFR-mutant NSCLC cell lines.
MEK inhibitors effectively overcome acquired resistance of EGFR-mutant NSCLC cells to AZD9291
We then determined whether MEK inhibition with a MEK inhibitor indeed restores the sensitivity of an AZD9291-resistant NSCLC cell line to AZD9291. The three MEK inhibitors, PD0325901, AZD9244 and GSK1120212, at the tested concentration ranges did not or only weakly suppressed the growth of PC-9/AR cells. As expected, this cell line was resistant to AZD9291. However the combination of AZD9291 with each one of the MEK inhibitors very effectively inhibited the growth of PC-9/AR cells (Fig. 5A) . The CIs were far < 1, indicating highly synergistic growth inhibitory effects. Identical results were also generated in HCC827/AR, PC-9/GR/AR and PC-9/M cells ( Figs. S5A and S6) . In a longterm colony formation assay, we found that the combination of AZD9291 with each of the three MEK inhibitors eliminated colonies, whereas either agent alone weakly inhibited the formation and growth of colonies in PC-9/AR ( Fig. 5B ) and HCC827/AR cells (Fig. S5D) .
These results together demonstrate that MEK inhibitors restore sensitivity of AZD9291resistant cells to AZD9291 or effectively overcome AZD9291 resistance.
The combination of AZD9291 with a MEK inhibitor effectively induces apoptosis of AZD9291-resistant NSCLC cells
Furthermore, we examined the effects of AZD9291 combined with a MEK inhibitor on the induction of apoptosis in AZD9291-resistant NSCLC cells. AZD9291 and GSK1120212 as single agents did not or minimally increased apoptotic cells ( Fig. 5C ) and induced cleavage of caspase-8, caspase-3 and PARP (Fig. 5D ) in HCC827/AR, PC-9/AR and PC-9/GA/AR cells. However, their combination significantly increased apoptotic cell populations ( Fig.  5C ) and cleavage of caspase-8, caspase-3 and PARP (Fig. 5D ) in these cell lines. Similar results were also obtained with the other two MEK inhibitors, PD0325901 and AZD6244, in these cell lines (Fig. S7 ). In the C797S mutant PC-9/3M cells, the combination of AZD9291 with GSK1120212 or PD-0325901 was also much more effective than either agent alone in inducing apoptosis including cleavage of capases and PARP (Figs. 5E and 5F). These results collectively demonstrate that the combination of AZD9291 with a MEK inhibitor potently induces apoptosis in AZD9291-resistant NSCLC cells.
The combination of AZD9291 with GSK1120212 effectively inhibits the growth of AZD9291resistant NSCLC xenografts in nude mice
Following these in vitro findings of the promising therapeutic activity of AZD9291 combined with a MEK inhibitor against AZD9291-resistant NSCLC cells, we then validated the efficacy of the combination in suppressing the growth of AZD9291-resistant xenograft tumors in vivo. As demonstrated in vitro, both AZD9291 and GSK1120122 alone when administered daily for almost 4 weeks had no or minimal effect on inhibiting the growth of HCC827/AR tumors; however their combination under the tested conditions significantly suppressed the growth of these xenografts (Figs. 6A and 6B; left panels) with no significant additive toxicity as measured by mouse body weight ( Fig. 6C; left panel) . In anticipation of possible increased toxicity when this combination is tested in human subjects with continuous dosing, we repeated the experiment with PC-9/AR xenografts where we employed an intermittent treatment schedule with one week on treatment, one week off treatment and followed with another week treatment and observed similar results (Figs. 6A-6C; right panels). Hence, it is clear that the combination effectively inhibits the growth of AZD9291-resistant tumors in vivo without apparent toxicity.
We also assessed p-ERK, Bim and Mcl-1 levels in xenograft tumors receiving the indicated treatments. In agreement with the in vitro findings, GSK1120212 alone significantly increased Bim levels with reduced levels of Mcl-1 and p-ERK whereas AZD9291 alone did not modulate the levels of these proteins. The combination of AZD9291 and GSK1120212 was not more potent than GSK1120212 in elevating Bim levels, but significantly decreased Mcl-1 levels ( Figs. 6D and 6E ). Hence we demonstrated the in vivo modulation of Bim and
Mcl-1 levels by the combination of AZD9291 with a MEK inhibitor.
Discussion
The current study has clearly demonstrated that AZD9291 effectively induces apoptosis in EGFR-mutant NSCLC cell lines, but not in AZD9291-insensitive NSCLC cell lines with wild-type EGFR or with acquired resistance to AZD9291. Hence, the induction of apoptosis appears to be an important mechanism accounting for the therapeutic efficacy of AZD9291 against EGFR-mutant NSCLCs. Our findings that AZD9291 elevates Bim levels and reduces Mcl-1 levels in the sensitive EGFR-mutant NSCLC cells, but not in AZD9291-insenstive or resistant cell lines including PC-9/AR, PC-9/GR/GR, PC-9/3M, HCC827/AR and HCC827/ER strongly suggest that the modulation of both Bim and Mcl-1 levels is a critical event that mediates AZD9291-induced apoptosis (Fig. 3G ). This is supported by our findings that either blockade of Bim elevation or enforced expression of ectopic Mcl-1 in the sensitive EGFR-mutant NSCLC cells significantly protects them from undergoing AZD9291-induced apoptosis. Hence, the essential role of Bim elevation in mediating AZD9291-induced apoptosis is consistent with its role in mediating apoptosis induced by 1 st generation EGFR inhibitors such as erlotinib, as previously documented (29) (30) (31) . In addition to this mechanism, our current study has revealed another equally important mechanism: the essential role of Mcl-1 reduction in mediating AZD9291-induced apoptosis in EGFR-mutant NSCLC cells.
In addition to increased intensity, we noted that the Bim EL band was shifted with faster migration in AZD9291-treated cells than in control cells, suggesting possible posttranslational modification. Bim is known to be phosphorylated by ERK at S69, undergoing proteasome-dependent degradation (25, 32) . Indeed, AZD9291 elevated Bim levels accompanied with suppression of ERK and Bim S69 phosphorylation. In contrast to a previous study where erlotinib-induced Bim elevation could be inhibited by Act D (31), there was no effect of Act D on Bim elevation induced by AZD9291 in our study (Fig. 2B) . Rather, AZD9291 clearly suppressed Bim degradation as evaluated in the CHX chase assay ( Fig. 2A) . Therefore we conclude that AZD9291 increases Bim levels by suppressing ERKdependent phosphorylation and degradation of Bim (Fig. 3G) . In contrast to Bim, ERK phosphorylates Mcl-1 at T163, suppressing its degradation (26) (27) (28) . We found that AZD9291 decreased Mcl-1 levels accompanied with suppression of Mcl-1 phosphorylation at S159/T163 (Fig. 1) . Moreover, AZD9291 enhanced the rate of Mcl-1 degradation (Fig.  2C) and inhibition of the proteasome with MG132 rescued the reduction in Mcl-1 induced by AZD9291 (Fig. 2D ). Hence we suggest that AZD9291 decreases Mcl-1 levels through enhanced ERK-dependent degradation (Fig. 3G ). This model of modulation of Bim and Mcl-1 degradation is also supported by the findings that different MEK inhibitors effectively elevate Bim levels and reduce Mcl-1 levels accompanied by suppression of ERK, Bim S69 and Mcl-1 S159/T163 phosphorylation in AZD9291-resistant EGFR-mutant NSCLC cells ( Fig. 4 ). Hence our findings in this regard have provided a novel mechanism for AZD9291 modulation of Bim and Mcl-1 levels, resulting in induction of apoptosis (Fig. 3G) .
Accordingly, the inability of AZD9291 to alter Bim and Mcl-1 levels by modulating ERKdependent Bim and Mcl-1 degradation AZD9291-resistant cells represents a critical mechanism by which sensitive EGFR-mutant NSCLC cells could become resistant to apoptosis induction by AZD9291. This mechanism is clearly independent of different genetic alterations including c-Met amplification, C797S mutation and unknown changes because it happens in the tested resistance cell lines with varied genetic alterations. Currently we do not know why the MEK/ERK singling pathway in AZD9291-resistant cell lines becomes irresponsive to AZD9291 treatment, but will address this question as a future direction. Nonetheless, we do provide a therapeutic strategy based on this feature of AZD9291-resistant cells to overcome the resistance by co-targeting MEK/ERK signaling. By elevating Bim levels and reducing Mcl-1 levels through suppression of ERK-dependent phosphorylation of Bim and Mcl-1 with a MEK inhibitor, we could restore the sensitivity of AZD9291-resistant EGFR-mutant NSCLC cells to undergo apoptotic death, achieving promising therapeutic efficacy against the growth of AZD9291-resistant NSCLC cells both in vitro and in vivo (Figs. 5, 6, S3-S5). We generated identical results with 3 different MEK inhibitors, thus demonstrating the rationale for overcoming AZD9291 resistance by targeting MEK/ERK signaling. There are previous studies documenting the efficacy of a third generation EGFR inhibitor combined with a MEK inhibitor (e.g., AZD9291 plus AZD6244 or WZ4002 plus GSK1120212) on the growth of EGFR-mutant/T790M NSCLC cells and tumors (33, 34) . However, these studies primarily focused on preventing or delaying the development of resistance to AZD9291 or to WZ4002 by blockade of activated Ras signaling during AZD9291 treatment (33) or ERK reactivation (34) . Moreover, the underlying scientific rationales are clearly different. We believe that MEK inhibition lowers 
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We noted that the combinations of AZD9291 with different MEK inhibitors in general enhanced Mcl-1 reduction in different resistant cell lines ( Fig. 4 ) and in vivo tumors (Fig. 6) in comparison with MEK inhibitors alone, while they had no such effects on further elevating Bim levels. Hence it seems that Mcl-1 reduction plays a more important role than Bim elevation in mediating enhanced induction of apoptosis by the combinations in the resistant cell lines. In agreement, either GSK1120212 or its combination with AZD9291 failed to reduce Mcl-1 levels although they elevated Bim levels in the C797S mutant PC-9/3M cells ( Fig. 4D) , in which the AZD9291 and GSK1120212 combination exhibited a relatively weak enhanced effect on decreasing cell survival (Fig. S6) . Nonetheless, the enhanced reduction of Mcl-1 levels will lead to enhanced ratio change of Bim to Mcl-1 (Bim:Mcl-1) in a given resistant cell line and finally augmented induction of apoptosis and suppression of tumor growth.
We have recently shown that MET inhibition with a MET inhibitor overcomes acquired resistance to AZD9291 in HCC827 cells with acquired resistance to either erlotinib (i.e., HCC827/ER) or AZD9291 (i.e., HCC827/AR), which exhibit both MET gene amplification and hyperactivate MET protein, suggesting an effective strategy to treat EGFR-mutant NSCLCs that develop resistance to 3 rd generation EGFR inhibitors through MET amplification and protein hyperactivation mechanisms (14) . Our data show that the combination of AZD9291 and the MET inhibitor PF02341066 exhibited minimally enhanced suppression of the growth of PC-9/AR and PC-9/GR/AR cells (Fig. S8 ). Thus this strategy is ineffective in treating resistant EGFR-mutant NSCLCs that arise through other mechanisms. However the combination of AZD9291 with a MEK inhibitor works equally well against the growth of AZD9291-resistant EGFR-mutant NSCLC cell lines with MET amplification (e.g., HCC827/AR), C797S mutation (e.g., PC-9/3M) or unknown mechanisms (e.g., PC-9/AR and PC-9/GR/AR). This strategy therefore has a clear advantage over the strategy of combining AZD9291 with a MET inhibitor in overcoming resistance to 3 rd generation EGFR inhibitors regardless of the underlying mechanisms. Therefore clinical validation of this strategy to overcome resistance to 3 rd generation EGFR inhibitors is clearly justified. In this regard, our findings are clearly different from a previous study reporting that the combination of WZ4002 with GSK1120212 was ineffective in EGFRmutant NSCLC cell lines with non-T790M TKI resistance mechanisms (e.g., Met amplification or activation) (34) . There are two layers of major differences between our and the published studies: 1) different 3 rd generation EGFR inhibitors were used (AZD9291 versus WZ4002) and 2) different cell lines were used. Here we used different AZD9291resistant NSCLC cell lines generated from their corresponding sensitive EGFR-mutant NSCLC cell lines, whereas the published study used only resistant cell lines to 1 st or 2 nd generation EGFR-TKIs. We are now planning a clinical trial to test the efficacy of AZD9291 and GSK1120212 combination on overcoming AZD9291 resistance as well as on preventing or delaying development of resistance to AZD9291.
In this study, we noted that AZD9291 effectively activated caspase-8 by inducing its cleavage in the sensitive EGFR-mutated NSCLC cell lines (Fig. 1C) . In agreement, the combination of AZD9291 with the tested MEK inhibitors (e.g., GSK1120212) strongly induced caspase-8 cleavage as well ( Figs. 5D and S4B) . The underlying mechanism for AZD9291 activation of caspase-8 has not been addressed in this study. Caspase-8 has long been recognized as an initiator caspase that mediates the extrinsic apoptotic pathway (35) . A previous study even showed that knockdown of Fas, a well-known death receptor that initiates apoptosis upon activation, sensitized insensitive EGFR-mutant NSCLC cells to the 1 st generation EGFR inhibitor erlotinib (36) . Nonetheless, whether activation of the death receptor-mediated extrinsic apoptotic pathway is involved in mediating apoptosis by AZD9291 or its combination with a MEK inhibitor in EGFR-mutant NSCLC cells deserves further investigation and hence is our ongoing focus.
In contrast to AZD9291, we noted that the three different MEK inhibitors alone at the tested conditions only weakly suppressed the growth of ADZ9291-resistant NSCLC cell lines including induction of apoptosis although they effectively elevated Bim and decreased Mcl-1 levels ( Figs. 4 and 5 ). So did GSK1120212 in vivo (Fig. 6) . These results suggest that the modulation of Bim and Mcl-1 levels alone may not be sufficient to trigger massive apoptotic cell death that will result in effective growth suppression in AZD9291-resistant NSCLC cells. Hence it is very likely that additional mechanisms beyond the modulation of Bim and Mcl-1 may also exist to account for the induction of apoptosis by AZD9291 in the sensitive EGFR-mutant NSCLC cells ( Fig. 3G ) or by the combination of AZD9291 with a MEK inhibitor in AZD9291-resistant NSCLC cell lines. Further study in this direction is also warranted.
In summary, the current study has demonstrated the critical role of Bim and Mcl-1 modulation in mediating the induction of apoptosis by AZD9291 in sensitive EGFR-mutant NSCLC cell lines. Based on this important finding, we suggest that co-targeting MEK/ERK signaling will be an effective therapeutic strategy to overcome acquired resistance to AZD9291, and likely to other 3 rd generation EGFR inhibitors.
Translational relevance
Development of acquired resistance to AZD9291, an approved 3 rd generation EGFR inhibitor for treatment of EGFR-mutant non-small cell lung cancer with T790M mutation has become a major obstacle in the clinic for a long-term efficacy. Hence effective strategies that can overcome the acquired resistance are urgently needed clinically. Our finding in this study on the critical role of modulation of MEK/ERK-dependent Bim and Mcl-1 degradation in mediating sensitivity and resistance to AZD9291 provides a strong rationale for the clinical investigation of the combination of AZD9219 with a MEK inhibitor as a strategy to overcome acquired resistance to AZD9291 or other 3 rd generation EGFR inhibitors. 
Fig. 1. AZD9291 effectively decreases cell survival (A) and induces apoptosis (B and C) with suppression of ERK phosphorylation and modulation of Bim and Mcl-1 levels (D-F) in sensitive EGFR-mutant NSCLC cell lines
A, The indicated NSCLC cell lines were exposed to different concentrations of AZD9291 for 3 days. Cell numbers were estimated with SRB assay. The data are means ± SDs of four replicate determinations. B and C, The indicated cell lines were treated with different concentrations of AZD9291 for 30 h and harvested for annexin V staining followed with flow cytometric analysis to detect apoptosis (B) and for Western blotting to detect protein cleavage (C). Data in B represent means ± SDs of duplicate determinations. EGFR mutation status for each tested cell line is indicated (B). D-F, The indicated cell lines were treated with different concentrations of AZD9291 for 8 h and then harvested for preparation of whole-cell protein lysates and subsequent Western blotting to detect the given proteins. WT, wild-type; CF, cleaved form; LE, longer exposure.
Fig. 2. AZD9291 stabilizes Bim protein (A) independent of transcription (B), but induces Mcl-1 protein degradation (C and D)
A and C, The given cell lines were exposed to 100 nM AZD9291 for 8 h followed with the addition of 10 µg/ml CHX. The cells were then harvested at the indicated times for Western blotting to detect the indicated proteins. Band intensities were quantified by NIH image J software and Bim and Mcl-1 levels were presented as a percentage of levels at 0 time post CHX treatment. B and D, The indicated cell lines were pre-treated with 2.5 µg/ml Act D (B) or 10 µg/ml MG232 (D) for 30 min and then co-treated with 100 nM AZD9291 for an additional 4 h. The cells were then harvested for Western blotting.
Fig. 3. Blockage of Bim elevation (A-D) or enforced expression of ectopic Mcl-1 (E and F) protects cancer cells from undergoing apoptosis induced by AZD9291, thus demonstrating a critical role of Bim and Mcl-1 modulation in mediating AZD9291-induced apoptosis in mutant EGFR NSCLC cells (G)
A and B, HCC827 cells were transfected with the indicated siRNAs for 48 h and then exposed to 100 nM AZD9291 for an additional 24 h. Bim knockdown and PARP cleavage were detected by Western blotting (A) and apoptosis was measured by annexin V/flow cytometry (B). C-F, The indicated stable transfectants were exposed to 100 nM AZD9291 for 24 h and then harvested for annexin V staining followed by flow cytometric analysis to detect apoptosis (D and F) and for Western blotting to detect the indicated proteins (C and 
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Author Manuscript E). The data are means ± SDs of duplicate (B, D and F) determinations. G, A schematic working model for induction of apoptosis by AZD9291 in mutant EGFR (mEGFR) NSCLC cells through modulating ERK-dependent degradation of Bim and Mcl-1 as well as yet-to-be identified additional mechanisms.
Fig. 4. MEK inhibitors effectively suppress the phosphorylation of ERK, Bim and Mcl-1 accompanied with elevation of Bim and reduction of Mcl-1 in AZD9291-resistant NSCLC cells
The indicated cell lines were exposed to the tested agents alone or their combinations for 8 h and then harvested for preparation of whole-cell protein lysates and subsequent Western blotting to detect the given proteins. The concentrations used in A-C were 200 nM (AZD9291), 100 nM (AZD6244) and 25 nM (GSK1120212; GSK212), respectively. The concentrations used in D were 2 µM (AZD9291) and 100 nM (GSK212), respectively. 
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Fig. 5. The combination of AZD9291 with a MEK inhibitor effectively inhibits the growth (A and B) and induces apoptosis (C-F) of AZD9291-resistant NSCLC cell lines
A, PC-9/AR cells seeded in 96-well plates were exposed to varied concentrations of AZD9291 alone, the tested MEK inhibitor alone or their combinations for 3 days. Cell numbers were then estimated with SRB assay. The data are means ± SDs of four replicate determinations. The numbers in the graphs are CIs for different combinations. B, PC-9/AR cells seeded in 12-well plates were treated with 200 nM AZD9291, 100 nM (AZD6244) or 25 nM (PD0325901 and GSK1120212) tested MEK inhibitor or the combination of AZD9291 with a MEK inhibitor. Treatments were repeated every 3 days. After 12 days, the plates were stained for cell colonies with crystal violet dye. The colonies were then counted 
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Author Manuscript least compared with all other groups; *** P < 0.001 at least compared with all other groups. D and E, Whole-protein cell lysates were prepared randomly from 3 tumors in each group for Western blotting to detect the indicated proteins. Band intensities were quantified with NIH Image J software. 
